We retrospectively analyzed the safety and efficacy of a myeloablative conditioning regimen with fludarabine (FLU) in unrelated cord blood transplantation (UCBT) of 30 pediatric patients with hematologic malignancies. The conditioning regimen consisted of FLU, busulfan (BU) and cyclophosphamide (CY). All of the patients received Cyclosporine (CSA) and mycophenolate mofetil (MMF) as graft versus host disease (GVHD) prophylaxis. We achieved high engraftment rates (96.7%) and rapid hematopoietic reconstitution. Acute GVHD occurred in 12 cases of the 29 engraftment patients (41.4%), and 6 cases (20.7%) were of grade III-IV. Chronic GVHD only occurred in 1 of 28 evaluable patients (3.6%). Twenty-three patients (76.7%) became infected, and 3 cases (10.0%) died of severe infections. Cytomegalovirus (CMV) reactivation occurred in 70.0% of the patients, but no CMV diseases were observed, nor did any patients die of CMV infection. The cumulative incidence of relapse (6.7%) was significantly reduced, and none of the acute lymphoblastic leukemia (ALL) patients relapsed. The 3-year overall survival (OS) and event-free survival (EFS) rates were 73.3% and 70.0%, respectively. The 3-year OS and EFS of the ALL patients was 75.0%. This conditioning regimen demonstrates good results and security in UCBT, especially in acute lymphoblastic leukemia.
Umbilical cord blood transplantation (UCBT) has increasingly been used as a therapeutic option for patients affected by many disorders of either hematologic or non-hematologic origin [1] [2] [3] . In comparison to bone marrow transplantation (BMT), UCBT offers the advantage of easier procurement with no risk for the donor. In addition, there are lower risks of transmitting infections and of developing both acute and chronic GVHD. Despite the lower incidence of acute and chronic GVHD in UCB transplant recipients, the risk of leukemia relapse is not increased [4, 5] . UCBT allows also transplantation in the absence of full HLA compatibility in the donor/recipient pair. Moreover, UCBT from unrelated donors offers the advantage of rapid availability of cryopreserved cells, and the median time for a successful donor search is less than 1 month [6] . However, there are also some drawbacks with UCBT in comparison with BMT. The nucleated cells contained in umbilical cord blood constitute only 1/10 of the number of nucleated cells in the peripheral blood stem cells or bone marrow. Additionally, the T and B lymphocytes contained in umbilical cord blood are in their naïve state [7] . The limited number of cells and low immunogenicity of the nucleated cells could lead to the high incidence of engraftment failure and might slow hematopoietic and immune reconstitution, which could result in the high incidence of early opportunistic infections [8, 9] .
How to increase the UCBT engraftment rate and reduce the incidence of infections is an important area of study. Researchers have attempted to solve both of these problems through a variety of methods, including increasing the nucleated cell count and CD34 positive cell count and adjusting the conditioning regimen. BU and CY are the classic drugs contained used in myeloablative conditioning regimens for multiple types of hematopoietic stem cell transplantations (HSCTs). However, UCBT must be applied with a stronger immune inhibition in order to achieve engraftment. There is currently no standardized conditioning regimen for UCBT, and the main program is based on TBI or chemotherapy [10] . The conditioning regimen based on TBI often results in a high and relatively stable engraftment rate. The engraftment rate has always been greater than 90% when using the TBI-based conditioning regimen to treat adult patients with hematologic malignancies at the University of Tokyo, Japan [11] . We have also obtained very good results with UCBT in adult patients using a TBI-based conditioning regimen (TBI + Ara-C + CY), and the engraftment rate has approached 100% [12] . TBI can affect the growth of children and we do not use TBI as the conditioning regimen in pediatric patients. Almost all of the chemotherapy programs contain ATG and other strong immunosuppressive agents to prevent engraftment failure and to alleviate GVHD, but these regimens also delay immune reconstitution, increase the risk of severe infection and can reduce the graft-versus-leukemia effect (GVL) and increase the relapse rate [13] . As previously mentioned, the number of nucleated cells in the graft is limited, and T and B lymphocytes are in their naïve state. Therefore, some transplant centers have attempted to use conditioning regimens without ATG in UCBT [14, 15] . FLU is a potent immunosuppressive agent with limited non-hematologic cytotoxic properties, which have resulted in its broad and effective use in reduced-intensity conditioning regimens [16, 17] . We used the effects of the engraftment-promoting effects of FLU and combined it with the standard BU/CY regimen to form a new myeloablative conditioning regimen of FLU + BU + CY in UCBT resulted in a high engraftment rate, low incidence of infection and good survival.
Here, we present the clinical outcomes of 30 pediatric patients with standard or high-risk hematological malignancies who received UCBT, with the conditioning regimen containing chemotherapy alone (FLU + BU + CY) and without ATG from unrelated donors.
Patients and methods
Patient and donor characteristics. Between August 2010 and August 2011, 30 consecutive pediatric patients with hematological malignancies, who had no HLA-compatible related donors or unrelated bone marrow donors and who were eligible for UCBT from unrelated donors, were treated at the affiliated Anhui Provincial Hospital of Anhui Medical University. The patient characteristics are shown in Table 1 . The performance status (ECOG score) in 24 cases ranged from 0 to 1, and the scores in other 6 cases were all 3. There were 26 patients (86.7%) with high-risk or refractory disease and 12 cases (40.0%) with disease progression, and the judgment criterion of high-risk, refractory and disease progression are consistent with the reported literature [18] . All of the patients were fully informed of their disease status and treatment options, and the transplant protocol was approved by the Anhui Medical University Institutional Review Board.
CB unit selection and management. The HLA-A and HLA-B antigens were typed using standard serological techniques. HLA-DRB1 alleles were typed using high-resolution DNA techniques. Cord blood units were found through the Chinese Cord Blood Bank Network. Cord blood units matched at 4 or more of 6 HLA loci were selected. Preferred cord blood units contained a minimal cell count of 3.0 × 10 7 nucleated cells /kg and 1.2 × 10 5 CD34 positive cells /kg before freezing. Additionally, ABO compatibility and the year of storage were also considered. All of the CB units tested negative for human immunodeficiency virus (HIV), hepatitis B and C viruses (HBV, HCV) and human T cell lymphotropic virus type I. All of the CB units and mothers were negative for the immunoglobulin M antibody to cytomegalovirus (CMV).
Conditioning regimen. The myeloablative conditioning regimen consisted of FLU (Baxter Oncology GmbH, Halle, Germany), BU (Ben Venue, Ohio, USA) and CY (Baxter Oncology GmbH, Halle, Germany). FLU (30 mg/m 2 ) was administered intravenously as a single daily dose on days -8 to -5 (total dose 120 mg/m 2 ), BU (0.8 mg/kg) was administered intravenously every 6 hours on days -7 to -4 (total dose 
mg/kg
2 ), and CY was administered intravenously over 2 hours at a dose of 60 mg/kg once daily on days -3 and -2 (total dose 120 mg/kg). Twenty-four hours after the completion of conditioning, the patients received UCBT.
GVHD prophylaxis. All of the patients received CSA (Novartis, Stein, Switzerland) and MMF (Roche, Basel, Switzerland) as GVHD prophylaxis. I.v. CSA was started (3 mg/kg/day) on day -1 and was continued until the patients were able to take CSA orally, with target trough levels of 150-250 ng/mL for at least 1 month. CSA was discontinued on day 180 or earlier if feasible. MMF was administered at a total dose of 30 mg/kg orally, 3-4 times per day from day +1 to +35. The rapidity of tapering was based on the presence or absence of GVHD, infectious disease and relapse risk.
Supportive care. The patients were hospitalized in single rooms ventilated with high-efficiency particulate air filtration systems. All of the patients received G-CSF by intravenous infusion starting on day 6, until the absolute neutrophil count (ANC) exceeded 2 × 10 9 /L. Phenytoin sodium was used once per day before the infusion of BU to prevent epilepsy, and heparin and prostaglandin E1 were used to prevent veno-occlusive disease (VOD). Mesna was administered after cyclophosphamide to prevent hemorrhagic cystitis (HC). All of the blood products were irradiated and leukocyte-depleted. The supportive care regimen, including CMV prophylaxis, infection surveillance and prophylaxis, has been previously reported [19] .
Definitions of engraftment. Myeloid engraftment was defined as the 1st day during which the absolute neutrophil count (ANC) exceeded 0.5 × 10 9 /L for 3 consecutive days. Platelet engraftment was defined as the 1st day on which the platelet count exceeded 20 × 10 9 /L without transfusion support for 7 consecutive days. Chimeric analysis of peripheral blood or bone marrow was performed using quantitative PCR for microsatellite DNA markers. Failure to engraft was defined as lack of evidence of hematopoietic recovery (ANC <0.5 × 10 9 /L and platelet count <20 × 10 9 /L) by day +30 and less than 5% marrow reconstitution of donor origin detected by short tandem repeat-polymerase chain reaction (STR-PCR).
Statistical analysis. The statistical analyses were performed using SPSS statistical software, version 19.0. The results are reported as median values with specific ranges of data sets. An independent sample t-test was used to compare the sets of measurement data, and the χ2 test was used to compare the rates. Both acute GVHD and chronic GVHD were graded according to the previously published Seattle criteria [20] . Relapse was defined by morphologic evidence of disease in peripheral blood, bone marrow or extramedullary sites. Treatment-related mortality (TRM) was defined as death from all causes except for relapse. Overall survival (OS) was defined as the time from UCBT to death or to the last observation. Event-free survival (EFS) was defined as the time from UCBT to relapse, death or the last observation. The probabilities of neutrophil and platelet engraftment, acute and chronic GVHD, TRM and relapse, OS and EFS were estimated using the Kaplan-Meier method, and the 2-tailed log-rank test was used to compare survival curves. Differences of P < 0.05 were considered significant.
Results
Characteristics of the patients and umbilical cord blood. The characteristics of the 30 pediatric patients and the cord blood units are presented in Table 1 . All of the patients received a single cord blood unit. The median number of cryopreserved nucleated cells of cord blood was 5.6 (3.2-9.6) × 10 7 /kg of patient body weight, and the median number of cryopreserved CD34 positive cells was 3.1 (1.7-5.2) × 10 5 /kg. T cell depletion was not performed.
Hematopoietic recovery. Chimeric analysis was performed using peripheral blood on days 7, 14 and 21 and using bone marrow on day 28 in all of the patients. All but 1 patient acquired myeloid reconstitution, and all exhibited full donor chimerism within 3 weeks after UCBT. The cumulative incidence of neutrophil engraftment was 96.7%. Twenty-nine patients exhibited neutrophil engraftment at a median time of 16 (12-30) days, and all of the patients exhibited platelet engraftment at a median interval of 33 (14-83) days. The only patient who experienced primary engraftment failure was a 12-year-old girl diagnosed with acute monocytic leukemia. This patient underwent a 2nd haploidentical transplant from her mother after conditioning with a FLU-based reduced-intensity regimen on day 42 after UCBT. She achieved hematopoietic recovery and was disease-free for 35 months at the end of the follow-up.
Pre-engraftment syndrome. Nineteen cases (63.3%) exhibited pre-engraftment syndrome (PES). All of these cases exhibited fever and skin rash, and 9 cases (30.0%) were associated with diarrhea. No patients suffered from jaundice. Fifteen cases improved after treatment with methylprednisolone and after adjustment of immunosuppressive agents, and 4 patients developed grade IV acute GVHD and ultimately died.
Acute and chronic GVHD. Twelve of the 29 engraftment patients (41.4%) who could be evaluated developed acute GVHD (grade I in 3 patients, grade II in 3 patients, grade III in 2 patients and grade IV in 4 patients), and the cumulative incidence of grade III to IV acute GVHD was 20.7% (6 of 29). The organ involvement in the acute GVHD cases is shown in Table 2 . One of the 28 patients (3.6%) who could be evaluated developed chronic GVHD, which was limited to the skin. Cases of grade I-II acute GVHD and chronic GVHD cases were well controlled by CSA and methylprednisolone. The patients with grade III acute GVHD were controlled after methylprednisolone and CD25 monoclonal antibody (CD25 mAb). Four cases of grade IV acute GVHD patients remained unaffected by treatment with methylprednisolone, CD25 mAb, mesenchymal stem cells and tumor necrosis factor-α and ultimately died.
Infection. Twenty-three patients (76.7%) suffered infections of varying types and degrees within 180 days after UCBT. Three patients (10.0%) died of severe lung infections, which were clinically diagnosed as fungal infections, at 4 months, 5 months and 6 months, respectively, after CBT. Blood cultures and drug sensitivity tests were conducted in those patients suspected to have infections. Bloodstream infections were detected in 3 cases (10.0%), and the causative agents were Staphylococcus albus, Escherichia coli and Streptococcus viridans; the patients improved after anti-infection therapy. CMV reactivation occurred in 56.7% (17 of 30) of the patients between 18 and 139 days after UCBT. The copy numbers of CMV-DNA reached 10 4 in 2 cases (6.7%), 10 3 in 5 cases (16.7%), 10 2 in 9 cases (30.0%) and 10 1 in 1 patient (3.3%). CMV infection was controlled after treatment with ganciclovir and/or foscarnet, and the CMV-DNA tests became negative after a median time of 23 (range from 7 to 89) days. There were no CMV diseases, and no patients died of CMV infection.
Regimen-related toxicity (RRT). RRT was graded according to Bearman's criteria [23] . The incidence of total RRT were 86.7% (26/30) , and III-IV RRT were 13.3 %( 4/30) of the patients. The gastrointestinal side effects were the most common toxicity (80.0%, 24/30) and III-IV gastrointestinal side effects were 6.7 %( 2/30). The mucositis was also a very common toxicity (55.8%, 16/30) and III-IV mucositis were 3.3 %( 1/30). Hemorrhagic cystitis (HC) developed in 5 cases (16.7%), all of which improved after hydration and other symptomatic treatment. No patients suffered VOD or interstitial pneumonia (IP) and there were one regimen-related death. Organ toxicities are summarized in table 3.
Non-relapse mortality. The cumulative incidences of NRM were 6.7%±0.2% within 100 days and 23.3%±0.6% within 1 year among the UCBT recipients (figure 1). The causes of NRM within 100 days were all acute GVHD, and the causes within 1 year were acute GVHD in 4 patients and pneumonia in 3 patients. The patients who suffered from NRM within 100 days and 1 year were all high-risk patients.
Relapse. Two patients with high-risk acute non-lymphocytic leukemia (ANLL) relapsed. The cumulative incidence of relapse at 2 years was 6.7%±0.2% for the entire group (figure 2) . The relapses originated from extramedullary sources, including 1 case from central nervous system leukemia (CNSL) at 3 months and the other from testis infiltration at 6 months after UCBT. The patient who relapsed with CNSL received intrathecal injections of chemotherapy drugs and achieved another CR. The other patient with the testis infiltration died with disease progression at 9 months after transplantation. No cases of acute lymphoblastic leukemia (ALL) relapsed, and no cases of standard-risk patients relapsed.
Survival. The median follow-up after transplantation for the 30 patients was 25 months (range 2-36), and it was 31 months (range 28-36) for the 22 (73.3%) patients who were alive and disease-free with full donor chimerism. Out of the 30 patients, 8 died. One of these 8 patients died of disease progression, and 7 deaths were associated with non-relapse mortality (NRM). The cumulative mortality rate (CMR) was 26.7% (8/30) .
Transplantation results for ALL. None of the 16 ALL patients relapsed despite all of them were high-risk patients. The risk factors of these patients are shown in Table 3 . The median follow-up for these patients was 25 months (range 2-35), and it was 31 months (range 28-35) for the 12 (75.0%) patients who remained alive. Four patients died, including 2 cases of aGVHD and 2 cases of pneumonia, and the CMR was 25.0% (4/16). The cumulative OS and EFS rates at 3 years were both 75.0% (Figure 3) .
Discussion
FLU is a novel purine nucleoside analogue which performs an immunosuppressive role, thereby creating an environment that promotes donor stem cell engraftment. The major pharmacodynamic effect of FLU on cellular metabolism is the disruption of DNA synthesis. Replication of the lagging DNA strand requires the synthesis of short RNA primers by DNA primase, to enable DNA synthesis to begin. Recent evidence suggests that DNA primase is inhibited by arabinofuranosyl-2-fluoroadenine-adenosine triphosphate (2F-ara-ATP) [21] , leading to the disruption of DNA synthesis. For acute lymphocytic leukemia induction and consolidation chemotherapy, FLU might require a larger dose, which can result in nervous system damage [22] . Therefore, FLU is rarely used for the chemotherapy in ALL. However, Flu indirectly but synergistically enhances BU-induced cytotoxicity by interfering with the repair of radiation therapy (XRT) -and alkylator-induced DNA damage [23] .
Only 1 patient experienced engraftment failure, and the engraftment rate was 96.7%. The patients who were successfully engrafted all reached full donor chimerism (FDC) within 21 days after UCBT. Neutrophil engraftment was achieved at a median time of 16 (12-30) days, and platelet engraftment was achieved within a median interval of 33 (14-83) days. These results were equivalent to or even better than many multicenter myeloablative HSCT regimens that have been reported. Ciurea SO [24] and his colleagues used an UCBT conditioning regimen consisting of melphalan, thiotepa, fludarabine and rabbit anti-thymocyte globulin (ATG). The authors achieved an engraftment rate of 91%, and the median time to neutrophil engraftment was 22 days. Conditioning regimen without ATG can make the neutrophil and platelet engraftment become earlier.
The cumulative incidence of relapse at 2 years was 6.7%, which was significantly lower than in related reports. Bachanova V [25] reported 143 cases of UCBT in patients with acute lymphoblastic leukemia. Patients exhibited a relapse rate of 16-30% at 2 years. And we had no ALL patients relapsed after UCBT, which could have been associated with the use of fludarabine in our study. Daly A [26] also achieved excellent outcomes in the treatment of 44 high-risk or advanced ALL patients after UCBT with the conditioning regimen of fludarabine + busulfan + total body irradiation. The relapse rate was 14%, the 5-year progression-free survival was 56.7%, and the 5-year overall survival was 66.0%. We also achieved good survival with this conditioning regimen. The cumulative OS and EFS rates at 3 years were 73.3% and 70.0%, respectively, for all of the patients and 75.0% for the ALL patients. In a recent report from COBLT on children with hematologic malignancies, the 2-year OS was 50% and the 2-year EFS rates were 30% to 40% [28] [29] [30] . Nineteen cases (63.3%) developed PES, and 4 patients (13.3%) developed into grade IV acute GVHD and ultimately died. The incidence of PES was higher than in other reports. Frangoul [31] and Patel [32] reported that 31% of double-unit CBT recipients and 20% of myeloablative single-unit CBT recipients, respectively, fulfilled the PES criteria. The most common symptoms of PES are fever, rash, diarrhea and jaundice, and all of these symptoms must be identified with early infection after transplantation. Because 13 patients exhibited early infection with PES, there might have been delays in PES treatment in some patients. If PES is not identified and treated in a timely manner, it can develop into acute GVHD. Therefore, we must be alert to the development of PES and provide timely treatment in the future to reduce the occurrence of severe acute GVHD. Another study [33] reported that myeloablative conditioning and younger age were risk factors for developing PES. The high incidence of PES in our study might have been related to the myeloablative program and predominance of pediatric patients.
Acute GVHD, especially gastrointestinal GVHD (GI-GVHD), remains a difficult problem. The cumulative incidence of grades I to IV acute GVHD (41.4%) was similar in our study to that in other reports, whereas the incidence of grades III-IV (20.7%) was slightly higher than in other reports. Borje S [22] used clofarabine ± fludarabine with once daily busulfan intravenously as the conditioning regimen for advanced myeloid leukemia and MDS. The incidence of grade I-IV acute GVHD was 49% (25/51), and the incidence of grades III-IV aGVHD was 8% (4/51). The increase of III to IV acute GVHD may be related to the high incidence of PES and the absence of ATG in our study. If PES can be treated more effectively and in a more timely manner, the grade III to IV acute GVHD might have been decreased to a large extent. However, the incidence of chronic GVHD (3.6%) was much lower than in other related reports, and no patients developed extensive chronic GVHD; thus, the patients' quality of life was significantly improved. Ciurea SO [24] reported that the incidences of acute GVHD and chronic GVHD were 53% and 34%, respectively.
Less post-transplant infection rates than those of other reports might be associated with the absence of ATG and rapid recovery of the neutrophil count. Twenty-three patients (76.7%) became infected within 180 days after UCBT, and 3 cases (10.0%) died of severe lung infections. Saavedra S [34] reported that all of their patients (100%) experienced at least 1 infectious episode, and 66% of them suffered from severe infections. Bloodstream infections occurred in 10% of the patients in our study, and the rate of CMV reactivation in the overall series was 56.7% (17 of 30), which was similar to the reports in the literature [35, 36] , but the number of CMV-DNA copies decreased significantly compared to that in other reports. None of the patients developed CMV disease, whereas Milano F [36] reported an incidence of CMV disease of 5-28%. Sauter C [14] reported that UCBT without ATG was associated with prompt T cell recovery, which might have led to the reduction in CMV infection.
In summary, we observed that the prominent features of this conditioning regimen were the high engraftment rate, rapid myeloid reconstruction and low incidence of infection. Although there were many patients with high-risk disease and disease progression, the study was characterized by a low relapse rate and good survival. None of the ALL patients relapsed after UCBT, indicating that this conditioning regimen could be applied in more patients with ALL. We must be alert to the development of PES and provide timely treatment to reduce the occurrence of severe acute GVHD. Chronic GVHD was significantly reduced, resulting in improvements in the patients' quality of life. Further studies are under way to explore the mechanism of this program.
